The efficacy of monoclonal antibodies (mAbs) as single agents in targeted cancer therapy has proven to be limited. Arming mAbs with a potent toxic drug could enhance their activity. Here we report that conjugating geldanamycin (GA) to the anti-HER2 mAb Herceptin improved the activity of Herceptin. The IC 50 s of the immunoconjugate H-GA were 10 -200-fold lower than that of Herceptin in antiproliferative assays, depending on the cell line. The H-GA mode of action involved HER2 degradation, which was partially lactacystin sensitive and thus proteasome dependent. The linkage between GA and Herceptin remained stable in the circulation, as suggested by the pharmacokinetics of Herceptin and conjugated GA, which were almost identical and significantly different from that of free GA. Tumor uptake of Herceptin and H-GA were similar (52 ؎ 7 and 43 ؎ 7% of the initial injected dose per gram tissue, respectively; P ‫؍‬ 0.077), indicating no apparent damage attributable to conjugation. Therapy experiments in xenograft-bearing mice consisted of weekly i.p. doses, 4 mg/kg for 4 months. H-GA showed a greater antitumor effect than Herceptin because it induced tumor regression in 69% of the recipients compared with 7% by Herceptin alone. Median survival time was 145 days as opposed to 78 days, and 31% of the recipients remained tumor free 2 months after therapy was terminated versus 0% in the Herceptin group. Enhancement of Herceptin activity could be of significant clinical value. In addition, the chemical linkage and the considerations in therapeutic regimen described here could be applied to other immunoconjugates for targeted therapy of a broad spectrum of cancers.
INTRODUCTION
Monoclonal antibodies (mAbs) are steadily becoming a new modality of cancer therapy. This is because of their selective tumortargeting potential, combined with relatively low toxicity (1) . However, with the accumulation of clinical experience, it has become apparent that the anticancer efficacy of many mAbs is limited. One approach to solving this problem is to arm mAbs with potent cytotoxic agents, with a design of the linkage that allows efficient release of the conjugated drug intracellularly (2) (3) (4) . Several such immunoconjugates have been developed and advanced to clinical trials, and one, Mylotarg, has been approved by the Food and Drug Administration for the treatment of acute myeloid leukemia (5) .
The experience with such constructs has highlighted a few critical requirements. One is the efficient internalization of the mAb. Another is the use of high-potency drugs, because usually only two to three drug molecules can be directly attached to an IgG molecule without damaging its functions (4) . Other factors that impact the activity of an immunoconjugate involve the mechanism of drug release, biodistribution, and pharmacokinetics as well as tumor vasculature features. These factors are only partially understood and thus are still poorly controlled or manipulated (1).
Here we report our studies with an immunoconjugate composed of the mAb Herceptin and the cytotoxic antibiotic geldanamycin (GA). Herceptin (trastuzumab) targets HER2, a protein kinase receptor whose overexpression is strongly associated with poor prognosis and resistance to some chemotherapy (6, 7) . HER2 is a member of the epidermal growth factor receptor family, functioning essentially as a co-receptor (8, 9) . Herceptin binds to the juxtamembrane region of HER2 and induces cross-linking, followed by internalization and down-regulation of HER2 (10) . The clinical benefit of Herceptin as a single agent is modest and is limited to carcinomas with an extremely high overexpression of HER2 (7, 11) .
To enhance Herceptin efficacy, we have armed it with GA, a highly cytotoxic ansamycin benzoquinone antibiotic that exerts its toxicity by binding to the protein chaperone heat shock protein 90 (hsp90; Ref. 12) . The inhibition of hsp90 by GA destabilizes several key enzymes that regulate essential cellular functions. Upon dissociation from hsp90, these proteins are ubiquitinated and rapidly degraded by the proteasomes. Thus, the cytotoxic effect of GA ultimately depends on intact proteasomal activity (13) .
The anticancer potential of GA has long been recognized, but its nonselective, severe toxicity was prohibitive. Recently, a derivative with lower toxicity, 17-allylamino-17-demethoxy geldanamycin (17-AAG) was tested in phase I trials (14) . Although this drug is more tolerable than GA itself, it still induces severe dose-limiting hepatotoxicity. A water-soluble, orally available analogue, 17-desmethoxy-17-N,N-dimethylaminoethylamino geldanamycin, has been shown to induce gastrointestinal tract complications in rats and dogs. 3 Because of these adverse reactions, the next trials are set to test the clinical value of GA derivatives in low doses combined with other therapy modes.
GA derivatives represent "first-in-class" in the development of hsp90 targeting chemotherapy. They are particularly effective in down-regulating HER2, which may be explained by their ability to induce degradation of both the nascent and the mature forms of the receptor (15, 16) . Consistent with that, tumor cells whose proliferation depends on HER2 overexpression exhibit particular sensitivity to GA (12, 15, 16) . We therefore chose GA for the conjugation with Herceptin and designed an immunoconjugate that could deliver high concentrations of GA locally and specifically into HER2 overexpressing cells. In previous studies, we showed that such conjugation enhanced the antiproliferative activity of the mAb without compromising its specificity (17) . That enhancement correlated with the induction of substantial HER2 down-regulation, suggesting that the GA moiety was released intracellularly in an active form. H-GA extended the survival of tumor-bearing mice beyond the time that was achieved with Herceptin alone (18) . In the majority of the recipients, a transitory tumor regression was noted. However, most of the tumors kept growing at a slow yet steady rate, even in the face of continuous treatment. In the studies presented here, we examined further the in vivo behavior of H-GA to better understand factors affecting its antitumor activity. Pharmacokinetics and biodistribution data were the control cultures reached 80% confluency, the wells were washed, the cultures were fixed in 80% ethanol and were stained with 0.05% Crystal Violet (Sigma) in 20% methanol. Excess dye was rinsed by repeated washes, and the dye that was bound to cellular proteins was then eluted with 50% ethanol containing 100 mM sodium citrate, pH 4.2. The plates were read at A 540 by the SOFTmax-PRO software using the ELISA plate reader 2.3X (Molecular Devices, Sunnyvale, CA).
Western Blots and Densitometry. Cells were plated in 6-well plates (Costar), and when the cultures were approximately 70% confluent, the culture medium was replaced with fresh medium containing either 50 M lactacystin (Biomol Research Laboratories, Plymouth Meeting, PA) or PBS alone. The cultures were incubated for 1 h at 37°C, and then the other reagents were added, Herceptin or H-GA at 1 mg/ml each or 17-APA-GA at 3 M. The cultures were incubated for additional 3 h and were then placed on ice. The cells were rinsed and lysed by adding 0.25 ml of cold lysis buffer (10 mM Tris-HCl, 140 mM NaCl, 2 mM EDTA, 5 mM iodoacetamide, and 1% NP40, pH 8.8 with a mixture of protease inhibitors as described; Ref. 23) . Lysates were boiled with reducing lithium dodecyl sulfate buffer at pH 6.8 (LDS buffer; InVitrogen, Carlsbad, CA), and the proteins were separated by gel electrophoresis using precast 6% Tris-glycine polyacrylamide gels (InVitrogen). The proteins were transferred onto Immobilon-P membranes (Millipore, Bedford, MA). The antibodies used for detection of HER2 and vinculin were c-neu #3 (Oncogene Science, Inc., Cambridge, MA) and clone hVIN-1 (Sigma), respectively. Signals were developed with the enhanced chemiluminescence method (ECM reagents; Pierce Chemical Co., Rockford, IL) using Bio-Max MR X-ray film (Eastman Kodak, Rochester, NY).
The exposed films were scanned with a Umax Astra 1200S scanner (Umax Technologies, Inc., Fremont, CA). Band intensities were analyzed with Advanced Image Data Analyzer software (Raytest, Straubenhardt, Germany). Vinculin bands served as indicators for protein loading and were used to adjust the calculations for differences in HER2 levels.
Radiolabeling of Herceptin and H-GA. For pharmacokinetic studies, Herceptin and H-GA were labeled with 125 I, whereas for internalization and biodistribution studies, a mixture of both 125 In labeling, both Herceptin and H-GA were first chelated with 2-(p-isothiocyanatobenzyl)-6-methyl-diethylenetriamine-pentaacetic acid (1B4M-DTPA). Typically, such reaction resulted in between 0.3 and 0.4 1B4M-DTPA per mAb. The proteins were then reacted with 111 In (800 Ci) in 0.3 M acetate buffer at pH 6.0 for 15 min at room temperature, as described previously (24) . Labeling of both Herceptin and H-GA with 125 I was performed by a previously described modified Chloramine-T method (25) . The Na[
125 I ] (600 Ci) was mixed with 6 g of Chloramine-T, dissolved in 0.05 M phosphate buffer pH 7.4, and then reacted with 60 g of mAb for 2 min. The radiolabeled products were purified using a PD-10 column without reducing agents (Pharmacia, Uppsala, Sweden). The specific activities of the radiolabeled Herceptin and H-GA were 7-9 mCi/mg for both 111 In and 125 I labeling. Radiopurity of all radiolabeled agents was Ͼ98% as determined by both PAGE and by size-exclusion high pressure liquid chromatography using a TSK G2000SW HPLC column (0.067 M PBS, pH 7.4; 1 ml/min; TosoHaas, Philadelphia, PA).
Immunoreactivity of the Radiolabeled Herceptin and H-GA. To confirm that the conjugation did not compromise its ability to bind, H-GA was compared to native Herceptin in binding assays, as described (25, 26) (25 g ). The maximal, specific binding was calculated by subtracting the nonspecific binding and was expressed as the percentage of the total counts.
Internalization of Herceptin and H-APA-GA. Internalization assays were performed as described previously (26, 27) . In brief, N87 cells were plated in 6-well plates, and the medium was replaced 24 h later with 2 ml of ice-cold medium containing 100 ng/ml of [ 125 I]-or [ 111 In]-labeled reagents (i.e., Herceptin or H-GA). After 30 min incubation at 4°C the non-cell-bound radioactivity was removed by washing twice with 1 ml of cold PBS. One set of plates was kept at 4°C, while the other was placed at 37°C. After 2, 6, and 24 h, the medium was removed and counted to determine the non-cell-bound fraction. The levels of cell surface-bound mAb were calculated from the radioactivity that was removable by a brief wash in dilute acid (1 ml 0.1 N acetic acid containing PBS, pH 2.5 at 37°C for 5 min). In this step, the [ 125 I]-labeled reagents served as the internal controls. A successful acid wash removed the surface-bound reagents and brought the 125 I cpm down to negligible values. The cells were then harvested and centrifuged, and radioactivity was measured in both the pellets and the supernatants. Each data point was obtained in triplicate. The internalized fraction was defined as the amount of the surface-bound radioactivity at time 0 (4°C) that remained cell-associated and acid wash resistant at 37°C.
Pharmacokinetic Studies in Mouse Circulation. In these studies, the curves depicting blood clearance of four reagents were generated for confirmation of linkage stability in the circulation. 3 H]-labeled samples (100 l) were added into vials containing scintillation fluid (National Diagnostics, Atlanta, GA) and were read by a beta counter (Beckman LS6000IC, Fullerton, CA). A 2-l sample of each reagent in its original solution (i.e., PBS or DMSO) was read simultaneously to determine cpm of the total injected dose.
Biodistribution of Radiolabeled H-GA and Herceptin in Tumor-Bearing Mice. Athymic female mice were injected s.c in the dorsal flank with 3 ϫ 10 6 N87 cells/100 l. When the tumors reached 3 mm in diameter, the mice were divided into two treatment groups receiving either Herceptin or H-GA.
Herceptin preparation was made of two solutions, mixed at a ratio of 3 Ci of [
125 I]-labeled Herceptin and 1 Ci of [ 111 In]-labeled Herceptin and was brought to a final protein concentration of 5 g/200 l by adding unlabeled Herceptin. H-GA was prepared in the same way. The xenograft-bearing mice were injected i.v. with the labeled mixtures of H-GA or Herceptin. On days 1, 2, and 4, the mice (five per group) were euthanized, and blood samples as well as various organs were taken for measurement of radioactivity levels. The organs were individually weighed, and the data were expressed as the percentage of the injected dose per gram of tissue (%ID/g) Ϯ SD. 111 In is retained inside cells after internalization, whereas 125 I is associated with the cells only as long as the mAb is bound to the cell surface. Thus, the tumor-associated 111 In and 125 I were indicative of the internalized and the bound fractions, respectively (24, 26) .
Tumor uptake of Herceptin was measured in such mice and was compared with the uptake in pretreated mice (100 g/mouse, by i.p injection). Tumor uptake as well as biodistribution was measured 2 days after injection of the radiolabeled reagent (4 days after the initial i.p dose).
Dose Escalation and Toxicity Studies. Mice were divided into groups (n ϭ 5) that received H-GA or Herceptin at 0.4, 1.3, 4, and 12 mg/kg by i.p injections every 3 days for 5 weeks. In parallel, other groups received 17-APA-GA alone at 1 and 3 g/mouse. Control groups received the respective vehicles (either PBS or DMSO). The recipients were observed for body weight loss, pathological signs, behavior changes, and stress symptoms. At the end of the treatment, blood samples were evaluated for differential counts of monocytes, neutrophils, platelets, and RBCs. Blood chemistry was evaluated by a panel of 31 tests, including electrolyte profile, renal, liver, and heart enzymes, as well as hormone and lipid levels. The mice that received 4 and 12 mg/kg of Herceptin or H-GA and those receiving 3 g/mouse 17-APA-GA were also subjected to comprehensive histopathology examinations, including heart, kidney, liver, lungs, bone, and bone marrow. The evaluation was performed by the veterinarian of the NCI Histotechnology Laboratory, NCI (Frederick, MD). A group of 10 untreated mice served as healthy controls Therapy Studies in Xenograft-Bearing Mice. BNX female mice, 5-6 weeks of age, were injected s.c in the dorsal flank with 4 ϫ 10 6 N87 cells/100 l. When tumors reached 5-6 mm in diameter, the mice were divided randomly into three treatment groups, receiving either Herceptin, H-GA, or PBS. Therapy consisted of a weekly 4 mg/kg dose given by i.p. injection for 4 months. Tumors were measured with a caliper every 3 days, and the volume was calculated by the formula:
Tumor volume ϭ (Width) 2 ϫ Length ϫ 0.5
Survival end point was reached when the tumors grew to 20% of body weight or when they became necrotic, when the mice showed symptoms of severe stress and pain, or when weight loss was Ͼ10% of body weight. Mice that showed any of these symptoms were removed from the study and were euthanized.
Statistical Analysis. Analyses of data were performed using StatView version 4.0, GraphPad Prism version 3.0, and Primer of Biostatistics version 2.0.
RESULTS AND DISCUSSION
The studies presented here demonstrate some of the considerations underlying the design of targeted therapy with immunoconjugates. As a model, we chose Herceptin conjugated to GA with the rationale that Herceptin targets a subset of carcinoma cells that tend to be highly sensitive to the toxic activity of GA (16, 28) . Our data demonstrate that the anticancer efficacy of Herceptin could, indeed, be significantly improved by conjugation with GA.
The Immunconjugate H-GA Shows Enhanced Antiproliferative Activity Compared with Herceptin, and Its Specificity Toward HER2-Overexpressing Cells Was Retained. The linkage between Herceptin and 17-APA-GA has been described previously and is shown schematically in Fig. 1 . The linkage did not damage the binding affinity of the mAb or its ability to internalize into HER2 overexpressing cells. Scatchard plot analysis revealed that the binding affinities of Herceptin and H-GA to HER2 were very similar (K d s of 3.8 ϫ 10 Ϫ9 and 4.2 ϫ 10 Ϫ9 M, respectively), and the internalization rate into HER2-overexpressing cells was almost identical (Fig. 2) .
The in vitro activity of H-GA is shown in Fig. 3 in a series of dose-response curves from studies with two HER2-overexpressing cell lines: N87, a human gastric carcinoma; and MDA-MB-453, a human breast carcinoma. IC 50 s of H-GA were 20 and 7.0 g/ml in these cell lines, respectively, whereas IC 50 s of Herceptin were approximately 1000 g/ml. Furthermore, H-GA almost totally suppressed cell proliferation at high concentrations with IC 90 s of 130 and 60 g/ml for N87 and MDA-MB-453, respectively. In contrast, the inhibitory activity of Herceptin plateaued and failed to achieve an IC 90 , even at 1000 g/ml. Similar observations were reported by others (29) . The antiproliferative activity of H-GA was tested in similar assays in a panel of 15 different cell lines, including OV90, BT-20, MDA-MB-361DYT2, and the HER2 transfectant NIH 3T3/ HER2. The activity of H-GA was found to be consistently higher than that of native Herceptin in cells that overexpressed HER2 and could internalize Herceptin, with IC 50 s 10-200-fold lower than that of Herceptin (data not shown). Similar findings were reported with another Herceptin conjugate (30, 31) as well as with another anti-HER2 immunoconjugate, e21:GA, in our previous studies (17) .
The average HER2 expression of the cell lines shown in Fig. 3 was 10 6 and 0.2 ϫ 10 6 receptors/cell (N87 and MDA-MB-453, respec- Fig. 1 . A schematic presentation of the linkage between 17-APA-GA and the mAb. The GA derivative 17-APA-GA was conjugated to lysine residues on the mAb molecule with a GMB linker through a thioether bond. The conjugation conditions restricted the molar ratio of GA to mAb to two or three.
HERCEPTIN-GELDANAMYCIN ENHANCES ANTITUMOR ACTIVITY
Research.
on July 22, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from tively). H-GA was highly effective in these cell lines, which is of particular importance, because the clinical benefit of native Herceptin is limited to extremely high overexpressors of HER2 (6, 7, 11) . Fig.  3 also includes A431, a human epithelial cell line that expresses normal HER2 levels (Ͻ10 4 receptors/cell). The proliferation of A431 cells was not inhibited by H-GA. Likewise, proliferation of MCF7 and MDA-MB-231 (breast carcinoma cell lines expressing normal HER2 levels) was unaffected, as well as that of HuT102, a T-cell line that does not express HER2 (data not shown). This suggests that the conjugate is not likely to harm normal cells.
In contrast, the cytotoxicity of the free 17-APA-GA was nonselective. The free drug had IC 50 of 5, 140, and 200 nM for MDA-MB-453, N87, and A431, respectively. This drug was cytotoxic for all of the other cell lines as well. In effect, as a result of the conjugation to Herceptin, 17-APA-GA became more cell specific, inhibiting HER2-overexpressing cells and being much less harmful to cells with normal HER2 expression.
The linkage between GA and IgG was designed to be stable in the circulation yet to efficiently release the GA derivative after internalization. If both requirements were met, the prediction would be that the conjugated GA would behave like the free drug once H-GA was endocytosed, yet would assume the pharmacokinetic pattern (PK) of an IgG as long as it is circulating in the vasculature. These predictions have been confirmed in two sets of studies. In the first, the intracellular activity of H-GA was deduced from Western blot analysis of HER2 levels in the treated cells. In the second study, stability in the circulation was confirmed by pharmacokinetic studies.
The Intracellular Mode of H-GA Action Resembles That of GA and Involves Proteasomal Degradation of HER2. GA and its derivatives inhibit cellular proliferation by binding to the NЈ terminus of hsp90 and interfering with the protective mechanism of this protein chaperone. As a result, hsp90 protein clients are ubiquitinated and subsequently degraded by the proteasomes (12, 13) . Thus, the cytotoxic effects of GA ultimately depend on intact proteasomal activity. H-GA was designed to release the GA moiety intracellularly and, thus, was expected to display a mode of action similar to that of GA. We verified this by analysis of Western blots, such as the one shown Cultures treated with PBS only served as controls, and their growth was referred to as 100% proliferation. To determine cell proliferation, the cells were fixed, and cellular proteins were stained with Crystal Violet. The dye was eluted, and absorbance at 540 nm was measured by an ELISA reader. All points were run in duplicate, and the data are expressed as percentages of untreated controls. Bars, SD. Fig. 4 . H-GA and 17-APA-GA reduce cellular HER2 levels in a proteasome-dependent manner. The Western blot shows HER2 levels in cells that were treated with 3 M 17-APA-GA (Lanes 2 and 4), 1 mg/ml H-GA (Lanes 5 and 6), or Herceptin (Lane 7) with or without the proteasomal inhibitor lactacystin (Lanes 4 and 6) . Lane 1 is of untreated cells. Lane 3 is of cells treated with 50 M lactacystin alone. After 3 h incubation, the cells were lysed, and lysate samples were separated by PAGE and blotted onto a membrane. The membrane was first reacted with anti-HER2 mAb and after thorough washing with anti-vinculin mAb. Signals were developed on X-ray film by the chemiluminescence method. When adjusted for slight loading variations (see vinculin lanes), the level of HER2 was 100% in the control (Lane 1) and did not decrease in Herceptin-treated cells (Lane 7, 109%). However, HER2 was markedly depleted in 17-APA-GA-and H-GAtreated cells (Lanes 2 and 5, 6% and 27%, respectively), and in both cases lactacystin protected from such depletion (79 and 47%, respectively). , and internalization was measured at the indicated time points. Control cultures were kept at 4°C (closed symbols), but the cells did not survive for 24 h. Internalized labeled mAb gave rise to cell-associated radioactivity that was resistant to acid wash. All points were run in triplicate; bars, SD. Binding and internalization of H-GA were essentially identical to those of Herceptin.
in Fig. 4 . HER2 levels were compared in cells that were treated with H-GA, Herceptin, or 17-APA-GA. As expected, 17-APA-GA induced almost complete degradation of HER2, bringing it down to 6% of control within 3 h (Fig. 4, Lanes 1 and 2) . That degradation was effectively blocked in the presence of the proteasomal inhibitor lactacystin (Fig. 4, Lanes 2 and 4) . H-GA similarly induced a substantial reduction in HER2, which was partially blocked by lactacystin ( (Fig.  4 , Lanes 5 and 6; 27% versus 47% of untreated control).
The results also suggest that the conjugate acted, at least partially, through proteasome-independent pathway(s) as well. This is not surprising because HER2 is likely to be shuttled to the lysosomes. HER2 is engulfed by the endosomes as a result of interaction with Herceptin. Normally, a portion of the endocytosed receptor is subsequently shuttled into the lysosomes while the rest is recycled (8, 9, 32). It is possible that H-GA shifted the balance toward degradation rather than recycling. In studies with another anti-HER2 mAb, modifications of the IgG molecule (configuration and charge) were reported to greatly influence trafficking into the lysosomes (33) . It is conceivable that the linkage chemistry in synthesizing H-GA may have affected aspects of endocytosis, recycling, and shuttling to lysosomes. Unlike the GAarmed mAb, native Herceptin did not down-regulate HER2 levels under the same conditions (1 mg/ml, 3 h) as demonstrated in Fig. 4 , Lanes 1 and 7 (100 and 109%, respectively).
Pharmacokinetic Pattern of H-GA Indicates Linkage Stability and No Accelerated Clearance of the Conjugate. Linkage stability in the circulation is necessary to assure effective drug delivery to the tumor. It is of particular importance because of toxicity considerations because immunoconjugates circulate in the vasculature for a relatively long time. A continuous release of the drug could eventually cause systemic toxicity, negating the very purpose for using immunoconjugates. To evaluate this issue, we compared the PK patterns of Herceptin in its native and conjugated forms. H-GA was radiolabeled with either 125 I (to trace the IgG component) or with 17-GMB-APA-GAtrit (to establish the PK of the conjugated GA). ]-labeled H-GA, and H-GAtrit. The tracings of these three reagents showed substantial overlap with no significant differences (P ϭ 0.13 for differences between Herceptin and H-GAtrit PK curves). In the terminal clearance phase, the t 1/2 s for Herceptin and H-GAtrit were 75.1 and 77.6 h, respectively, indicating that the linkage chemistry did not cause accelerated clearance. As expected, unconjugated GAtrit showed a strikingly different PK. There was a rapid distribution phase (only 7% remained detectable in the circulation 5 min after injection), and ϳ0.6% of the initial dose was still lingering in the circulation after 18 h, with a t 1/2 of 30 h (P Ͻ 0.0001 between conjugated and free GAtrit). Taken together, the findings shown in Figs. 4 and 5 suggest that when conjugated, GA circulated in the blood, stably attached to the mAb. Once internalized, though, it was released and gained access to the cytoplasm, where it interacted with hsp90. That, in turn, initiated a cascade of events leading to HER2 degradation by the proteasomes.
Toxicity Studies of H-GA. The confirmation of the linkage stability was encouraging because it implied that the risk of systemic toxicity attributable to premature cleavage of GA was minimal. Toxicity was also evaluated in dose-escalation studies. The findings revealed only minimal toxicity, limited to the highest doses of free and conjugated 17-APA-GA. Unconjugated 17-APA-GA (0.15 g/kg, every 3 days for 5 weeks) was more toxic than the conjugate. It induced mild hepatotoxicity (elevated glutamate oxaloacetic transaminase and lactate dehydrogenase), which was confirmed by histopathology. It also induced minimal chronic nephropathy and a decrease in monocytes and large WBCs. The dose given in these studies was ϳ40-folds lower than a therapeutic dose of a similar GA derivative, 17-AAG. For 17-AAG, in mice, a therapeutic effect was noted with 60 mg/kg two times every day for 5 days, and the treatment was associated with considerable toxicities, including hepatotoxicity and renal damage. 4 In contrast, the conjugated form (H-GA, 12 mg/kg) did not induce histopathological findings and caused only mild glutamate oxaloacetic transaminase elevation as well as a decrease in monocyte count in 50% of the recipients. The dose used in the therapy studies (H-GA or Herceptin at 4 mg/kg) did not induce detectable hepatotoxicity or cardiotoxicity. This is of importance because in human subjects, these toxicities are the most serious adverse reactions associated with 17-AAG and Herceptin, respectively (1, 6, 9, 14, 31).
Next we examined the antitumor activity of the conjugate. In line with the marked augmentation of its activity in vitro, H-GA also possessed a superior antitumor activity in vivo when compared with native Herceptin. However, in earlier studies, this improvement appeared suboptimal compared with the substantial enhancement in in vitro cytotoxicity. Using a higher therapy dose (10 mg/kg as opposed to 4 mg/kg) or shorter treatment intervals (48 h as opposed to 72 h) did not improve the antitumor efficacy. This raised the questions of whether the linkage chemistry has a potential deleterious effect on tumor-specific uptake and whether the therapy regimen offered optimal conditions for tumor saturation. Obviously, the efficacy of the conjugate greatly depends on its ability to accumulate specifically in the tumor. Thus, biodistribution studies were performed to verify that such accumulation took place.
Conjugation to GA Did Not Alter Herceptin Biodistribution and Tumor-specific Uptake. In the biodistribution studies, we used a mixture of 125 I-and 111 In-labeled reagents (H-GA and Herceptin) that were injected i.v. into tumor-bearing mice. Metal ions such as 111 In are attached to the antibody via the chelate 1B4M-DTPA and are retained within the cells upon internalization. In contrast, the 125 Ilabeled reagents allow measurements of the association between Herceptin and surface HER2 (26, 27) . Fig. 6 shows the distribution of , the IgG component was labeled, whereas in H-GAtrit (filled circles), the conjugated GA moiety was metabolically labeled with 3 H. An additional group was injected with free GAtrit (triangles). Blood samples were drawn, and their radioactivity was recorded at the indicated time points. In the Herceptin and H-GA groups, the cpm values obtained 5 min after injection were considered as 100%, and the data are expressed as percentage of these values (n ϭ 5 per time point); bars, SD. In the free GAtrit group, cpm of the total injected dose were read separately to determine initial blood levels.
days after injection, with adjustments for tissue weight. Uptake of Herceptin in the tumors was higher than in the other tissues. It reached 52% Ϯ 7% ID/g, as opposed to Ͻ10% ID/g in the other organs, including the liver, kidney, and heart. The tumor:blood ratio for Herceptin was 2.89, which clearly indicated tumor-specific uptake. The H-GA distribution pattern was almost identical to that of Herceptin, with tumor:blood ratio of 3.07 and tumor uptake of 43% Ϯ 7% ID/g (P ϭ 0.077, compared with Herceptin), whereas accumulation in the other organs did not exceed 10% ID/g. These data demonstrated that linkage to GA did not alter the biodistribution. Similar patterns and rates of tumor uptake were also observed in the NIH 3T3/HER2 xenograft model with tumor:blood ratios of 3.05 and 2.98 for Herceptin and H-GA, respectively (data not shown).
Cardiac uptake was very low in all recipient mice (Fig. 6, 4 Ϯ 0.6% ID/g and 4 Ϯ 0.5% ID/g for H-GA and Herceptin, respectively). This observation is emphasized in light of the reported clinical cardiac toxicity of Herceptin (11) .
These experiments also provided data for calculation of t 1/2 in the circulation. Herceptin blood levels on days 1, 2, and 4 were 34, 29, and 18% ID/g (Fig. 6, inset) . For H-GA, the values were similar (24, 19 , and 14% ID/g). Accordingly, the calculated terminal phase t 1/2 values were 3.2 and 3.46 days for Herceptin and H-GA, respectively, which were similar to those obtained in the PK studies.
The biodistribution studies were also instrumental in revealing subtle deterioration of H-GA with prolonged storage conditions. When stored at low concentrations (Ͻ0.5 mg/ml), the conjugate underwent changes with time that did not affect in vitro activity. However, when injected in mice, its hepatic uptake was significantly accelerated, reducing tumor accumulation and consequently the antitumor efficacy (data not shown). Storage at 10 mg/ml with 0.1% BSA corrected that problem.
Tumor Uptake after Pretreatment with Herceptin. The biodistribution results also suggested that mAb retention in the tumor site had different kinetics as compared with that in the blood. Fig. 6 , inset, shows that within 96 h, Herceptin was steadily cleared from the blood (53% in 3 days), whereas in tumors its levels did not change significantly. This could indicate that the tumors were saturated even as blood levels were decreasing and that an additional mAb dose would have only a limited effect on the tumor. Therefore, in the next set of experiments we examined the fate of the mAb when given in repeated doses. Xenograft-bearing mice were divided into two groups and were injected i.v. with radiolabeled Herceptin, as in the previous studies. However, the mice in one group were pretreated 2 days earlier with 4 mg/kg of unlabeled Herceptin. This dose was based on clinical use of Herceptin, on our previous studies, and those reported by others (17, 29) . Under these conditions, tumor uptake was markedly lower in the pretreated mice (Fig. 7) . In naïve mice, tumor uptake reached 52% Ϯ 17% ID/g, whereas in the pretreated mice it only reached 23% Ϯ 4% ID/g (P Ͻ 0.001). This discrepancy in uptake between the first and second dose was unique to the tumor site and was not detected in other organs. In fact, accumulation of the second dose in tumors may have largely been nonspecific because it did not differ much from the levels detected in the blood (28% Ϯ 2% ID/g), lungs (16% Ϯ 2% ID/g), or kidney (13 Ϯ 0.5% ID/g). These results suggest that the 4 mg/kg dose either heavily saturated or effectively downregulated HER2 in the tumor site. This was further supported by measurements of [
125 I]-labeled Herceptin. The levels of that reagent specifically indicate membrane binding, and they were, indeed, reduced in the pretreated mice (data not shown). The implication of those results was that frequent dosing would probably offer only a limited advantage and perhaps ultimately contribute a negative effect.
Little is known concerning the dynamics between mAb retention in the tumor and accessibility for subsequent binding. It is clear though, that to optimize the therapeutic outcome these parameters have to be addressed. Our results suggest that the intervals between doses should be greater than 4 days to assure optimal delivery of GA into the tumors. We based the next therapy experiments on those observations. In Xenograft-bearing Mice, H-GA Prolonged Survival More Than Herceptin by Retarding Tumor Growth and Inducing Complete Tumor Regression. Mice were inoculated s.c. with N87 cells, and treatment was initiated when the tumors reached volume of ϳ75 mm 3 . The treatment regimen consisted of 4 mg/kg i.p. injections of Fig. 7 . Effect of pretreatment on Herceptin biodistribution. Mice bearing N87 s.c xenografts were injected i.p with 4 mg/kg Herceptin, followed by an i.v injection with [ 111 In]-labeled Herceptin 2 days later. Control mice were not treated before receiving the radiolabeled dose. After 48 h, the mice were euthanized, and the indicated organs were taken for measurements of radioactivity and total weight. The values are expressed as a percentage of the injected (radiolabeled) dose per gram of tissue (%ID/g; n ϭ 5); bars, SD. In the control group with no prior treatment (heavy stripes), tumor uptake was 52 Ϯ 17% ID/g, whereas in the pretreated mice (light stripes), tumor uptake was significantly lower at 23 Ϯ 4% ID/g, P Ͻ 0.001. In were injected i.v into athymic mice bearing N87 s.c xenografts. On days 1, 2, and 4, the mice were euthanized, and the indicated organs were taken for measurements of radioactivity and total weight. Blood samples (0.5 ml) were measured as well. The figure shows the data collected on day 4 from Herceptin (stripes) and H-GA (dots) treated mice. Data are expressed as %ID/g (n ϭ 5); bars, SD. Tumor uptake of Herceptin and H-GA was 52 Ϯ 7 and 43 Ϯ 7% ID/g, respectively, showing no significant differences (P ϭ 0.077). The inset shows the changes in %ID/g on day 1 (thin stripes), day 2 (heavy dots), and day 4 (speckled lines) in blood and tumors.
Herceptin or H-GA once a week for 4 months. PBS was used as control treatment. Both Herceptin and H-GA slowed tumor growth as compared with the PBS. However, H-GA was more effective than Herceptin at suppressing tumor growth, as shown in Table 1 . After treatment for 1 month, the median tumor size in the H-GA-treated mice was only 9 mm 3 as compared with 144 mm 3 in the Herceptin group, with a significant difference in average size tumors in each group (P ϭ 0.012). That difference was partially attributable to tumor regression, which was noted in 69% (9 of 13) of the H-GA recipients as opposed to only 7% (1 of 13) in the Herceptin-treated group.
In earlier studies, the effects of free 17-APA-GA and that of a mixture of unconjugated Herceptin and 17-APA-GA were examined as well. The schedule and amounts were kept identical to those given in the conjugated form. The free drug was considerably inferior to the conjugated counterpart. Unconjugated 17-APA-GA did not inhibit tumor growth by itself nor did it potentiate the efficacy of unconjugated Herceptin. Judging from the PK studies (Fig. 5 ) and preclinical data with 17-AAG, free 17-APA-GA probably never reached cytotoxic levels in the tumor and was cleared from the circulation very rapidly when given at equivalent dosing and schedule as used with the conjugate.
In the therapy studies shown here, tumors of 38% (5 of 13) of the H-GA-treated mice became undetectable after 3 months of treatment. The mice remained in apparent remission as long as therapy was continued. In contrast, Herceptin did not induce complete remission in any recipient. Fig. 8 depicts the survival outcome at the end of 4 months of this therapy. Herceptin prolonged survival of the mice compared with PBS treatment with a median survival time of 78 days as opposed to 55 days in the PBS group (P Ͻ 0.007). However, at termination of therapy only 15% (2 of 13) in the Herceptin group were still alive, and both had visible tumors. In contrast, the majority of the H-GA recipients (9 of 13, 69%) were alive at that point, and 5 of these mice (38%) were tumor free. The survival pattern of H-GA-treated mice was significantly different from that of Herceptin-and PBStreated groups (P Ͻ 0.008 and P Ͻ 0.0001, respectively).
The mice were observed for 2 months after treatment was terminated. At that point, survival in the Herceptin-treated group was 1 of 13, whereas in the H-GA-treated group, 6 of 13 were still alive, including 4 mice (31%) that remained clinically tumor free.
Another Herceptin conjugate has been described recently in which the maytansinoid derivative, DM1, was linked to Herceptin through a disulfide bond. This conjugate induced complete regression of xenografts and effectively controlled growth of murine F05 tumors that were derived from transgenic MMTV-HER2 donors (30, 31) . However, the effects of Herceptin-DM1 were transitory, and tumor growth eventually resumed in a pattern that resembled that observed with H-GA. DM1 itself is over two orders of magnitude more cytocidal than 17-APA-GA, and the therapy dose of Herceptin-DM1 was higher than that used in the H-GA studies (18 mg/kg versus 4 mg/kg). These parameters apparently were still not sufficient to induce substantially higher cure rates. In these studies, the dynamics of tumor saturation and biodistribution were not described. It will be of interest to examine how these parameters differ, if at all, from the data presented here.
The therapeutic potential of GA continues to be of burgeoning interest. Obviously, harnessing its cytotoxic activity in a tumorselective fashion is of significant therapeutic potential. Here we show that through conjugation to tumor-targeting mAb, 17-APA-GA became more tumor specific, acquired longer circulation survival, and became less harmful to normal tissues. Efforts to conjugate this drug with another mAb have been reported as well (34) . The linkage device was designed to yield a high molar ratio between the drug and the mAb, using the N-(2-hydroxypropyl)methacrylamide polymer. However, in that configuration, the high molar ratio was offset by a substantial reduction in GA activity, resulting in a conjugate with relatively low activity (IC 50 , Ͼ60 M). The approach of attaching GA derivatives to polymers for enhanced efficacy (but with no mAbguided delivery) is being pursued further (35) .
Enhancement of Herceptin activity, as shown in our studies, could be of significant clinical value because Herceptin targets a subset of the most common cancers. In addition, targeting GA through specific delivery constructs could be expanded to include other mAbs as well. A host of new mAbs are becoming available, and over 400 are already in clinical trials. Furthermore, the chemical linkage presented here is not limited to IgG molecules but could be applied to smaller ligand proteins, such as cytokines and growth factors or to artificial vehicles. Such conjugates may introduce new avenues for targeted therapy for a broad range of cancers. Fig. 8 . Effect of Herceptin and H-GA on survival of xenograft-bearing mice. BNX mice were transplanted s.c with N87 tumors, and when the tumors reached 5-6 mm in diameter, the mice were divided into three groups and were started on therapy of Herceptin (n ϭ 13; squares), H-GA (n ϭ 13; circles), or vehicle only (PBS, n ϭ 10; triangles). The therapy regimen was a weekly i.p dose of 4 mg/kg for 4 months. Survival end point was when tumors became necrotic or reached 20% of body weight, or when the recipients showed signs of severe stress, pain, or cachexia. The data are expressed as percentage of surviving recipients in each group. Herceptin prolonged survival as compared with PBS (P Ͻ 0.007), but survival was significantly prolonged with H-GA treatment compared with that achieved with native Herceptin (P Ͻ 0.008). 3 , the mice were divided into three groups, receiving the treatments as indicated. Therapy was given as a weekly i.p. dose of 4 mg/kg, and tumors were measured every 3 days. The table shows average and median tumor sizes and the percentage of recipients in each group whose tumors regressed. Data are from day 33 of treatment, when the first recipient reached the survival end point (in the PBS group). 
